Background: Chronic kidney disease (CKD) is the result of a reduced number of nephrons, in which adipose tissue and its metabolites play a significant role. Fibroblast growth factors, FGF19 and FGF21, are involved in lipid and carbohydrate metabolism. The aim of the study was to examine the concentrations of FGF19 and FGF21 in patients with CKD, as well as the correlation between FGF19 and FGF21 and selected biochemical parameters. Materials and Methods: The study included 178 subjects: 52 patients with CKD in stages 2-4, without haemodialysis (CKD), 47 haemodialysed patients with CKD (HD), 56 patients with CKD after a renal transplantation (Tx) and 23 healthy subjects as the control group (C). Results: The highest FGF19 serum concentrations were observed in CKD patients and the lowest were observed in the Tx group. Patients in the CKD group had significantly higher serum FGF21 concentrations. There were negative correlations between FGF19 and glomerular filtration rate (GFR), as well as high-density lipoprotein cholesterol levels in patients after kidney transplantation. Negative correlations were also found between serum FGF21 concentrations and GFR in patients after Tx, while positive correlations were observed between FGF21 concentrations and lean body mass in the CKD group, body mass index and total cholesterol in the HD group. Conclusions: Our results suggest that increased concentrations of FGF19 and FGF21 in patients with CKD may be associated with the metabolism of lipids and carbohydrates. Our results also indicate that haemodialysis and transplantation results in the reduction of FGF19 and FGF21 concentrations in patients with CKD.
Introduction
Chronic kidney disease (CKD) manifests as a group of symptoms resulting from a reduction in the number and function of active nephrons. Because kidneys play an important role in maintaining homeostasis of the water-electrolyte, ionic (including calcium-phosphate) and haematopoietic systems, kidney damage negatively affects many metabolic pathways. CKD is associated with bone osteodystrophy, rapid progression of atherosclerosis and anaemia [1] . The pathophysiology of these disorders is relatively well understood, with recent studies indicating a significant role of adipose tissue and its metabolites in the course and progression of CKD [2] .
Adipose tissue and its relevance in the prognosis of patients with CKD are the subject of intensive research. In the general population, obesity is an independent risk factor for the development of end-stage renal disease (ESRD) [3] . However, pre-dialysis, in CKD patients in more advanced disease stages, a higher body mass index (BMI) was not associated with an increased mortality rate [4] . In haemodialysed (HD) patients, studies have shown that a higher content of fat tissue may have a protective effect, and individuals with a low BMI and low body fat have a worse survival prognosis [5] . In patients after kidney transplantation, obesity affects the short-term transplant results and the development of glucose intolerance and diabetes [6] .
White adipose tissue also plays a significant role in the development of metabolic disturbances (insulin resistance, dyslipidaemia and chronic low-grade inflammation), which are a common feature in patients with CKD [7] . Such disturbances are associated with increased mortality and morbidity in these patients [8] . Endocrine fibroblast growth factors (FGFs) provide beneficial effects for lipid and carbohydrate metabolism. Their concentrations change in chronic disorders, such as diabetes, obesity, metabolic syndrome and cardiovascular and renal diseases. FGFs improve glucose tolerance, insulin sensitivity, weight and lipid loss, as well as energy metabolism [9] .
Recent studies have focused on the relatively recently described FGFs FGF19 and FGF21. These 2 growth factors belong to the FGF19 subfamily (FGF19, FGF21 and FGF23), and their activity is dependent on the presence of the cofactor, Klotho protein. FGF19 and FGF21 are secreted into the blood where they act as hormones via FGFR receptors [10] . Their clinical significance and their role in CKD are not yet fully understood; however, recent animal studies have revealed their beneficial metabolic effects in kidney disease [11] .
FGF23 is produced in osteocytes and osteoblasts. In the kidneys, FGF23 regulates renal phosphate, sodium and calcium reabsorption and decreases 1.25 (OH)2D synthesis. Moreover, in the parathyroid, FGF23 decreases parathyroid hormone gene expression and parathyroid cell proliferation [12] . FGF21 is primarily secreted by the liver and adipose tissue. It is synthesised in starvation and mediates, among others, lipolysis, thermogenesis, gluconeogenesis and fatty acid oxidation [13] . Elevated FGF21 levels are found in type 2 diabetes, obesity, metabolic syndrome and other disorders associated with insulin resistance [14, 15] .
FGF19 can be found primarily in the small intestine, gallbladder, brain and kidneys [9] . It inhibits bile acid synthesis. However, recent studies also suggest that FGF19 participates in carbohydrate metabolism as it stimulates glycogen synthesis and inhibits gluconeogenesis [16, 17] . The role of FGF19 and FGF21 in CKD is unknown.
The aim of our study was to examine FGF19 and FGF21 concentrations in patients with CKD who were not HD, in HD patients with CKD and in patients with CKD after renal transplantation (Tx). We also examined the correlation between FGF19 and FGF21 and selected biochemical parameters of lipid and carbohydrate metabolism.
Materials and Methods

Study Groups
The study included 178 subjects: 52 patients with CKD in stages 2-4 (CKD) without haemodialysis, 47 HD patients with CKD, 56 patients with CKD after a Tx and 23 healthy subjects as the control group (C). The baseline characteristics of the study groups are shown in Table 1 .
The inclusion criteria for the control group were as follows: over 18 years of age, no chronic inflammatory diseases (systemic lupus erythematosus, rheumatoid arthritis), no diabetes and glomerular filtration rate (GFR) above 60 mL/min/1.73 m 2 .
The following inclusion criteria were applied for the CKD group: over 18 years of age, no need for haemodialysis or renal replacement therapy and stable renal function for 3 months before enrolment. Exclusion criteria for this group were cancer and/or treatment with steroids at a dose of > 5 mg/day. The causes of kidney insufficiency were as follows: diabetes (DM) = 12, hypertension (HA) = 3, autosomal dominant polycystic kidney disease (ADPKD) = 3, glomerulonephritis (GN) = 18, other = 10, congenital urinary tract malformations (CD) = 4 and nephrolithiasis (KS) = 2. The distribution of the CKD stages was (CKD 4) = 21 patients, (CKD 3) = 28 patients and (CKD 2) = 3 patients. The number of (CKD 2) patients was too low for a separate analysis, so FGF21 and FGF19 concentrations were compared between (CKD 2 + 3) patients (GFR ≥30) and (CKD 4) patients (GFR < 30).
Inclusion criteria for HD patients were over 18 years of age, haemodialysis therapy at least 12 months before enrolment, a dialysis period not longer than 5 years, a constant haemodialysis dose for at least 3 months before enrolment and a Kt/V above 1.2. Patients with a neoplastic disease were excluded. The causes of kidney insufficiency were as follows: DM = 9, HA = 8, ADPKD = 2, GN = 7 and other = 21.
Inclusion criteria for transplant patients were Tx at least 2 years before enrolment, constant doses of immunosuppressive drugs for the last 3 months and standard immunosuppression with calcineurin inhibitor, mycophenolate mofetil and glucocorticosteroids. Exclusion criteria were neoplastic disease and/or bariatric surgery. The causes of kidney insufficiency were as follows: DM = 5, HA = 11, ADPKD = 6, GN = 16 and other = 18.
This study was approved by the Bioethical Commission at the Pomeranian Medical University. All participants provided written informed consent.
Material
Blood samples in the C, CKD and Tx groups were collected from the peripheral vein (using Sarstedt S-Monovette tubes with clotting activator) after an overnight fast. In the HD patients, blood samples were collected before a haemodialysis procedure, after a 1-day interval between haemodialysis. Whole blood was centrifuged, and the serum samples were frozen at -80 ° C until use. 
Determination of Biochemical Parameters
Lipid concentrations (total cholesterol, high-density lipoprotein [HDL] and low-density lipoprotein [LDL] cholesterol and triacylglycerols) and glucose concentrations were determined in serum with an enzymatic method using the Architect c8000 analyser (ABBOTT, USA). GFR was estimated using the CKD-EPI equation.
Determination of FGF21 and FGF19 Concentrations
Serum FGF21 and FGF19 concentrations were measured using a commercially available ELISA kit (Human FGF 21 -Quantikine ELISA kit, R&D System Minneapolis, MN, USA; Human FGF 19 -LSBio ELISA kit, LifeSpan BioSciences) according to the instructions of the manufacturer [18, 19] .
Determination of Body Composition
Measurements of adipose tissue content (BF) and lean body mass (LM) were made using the dual X-ray absorptiometer method (Lunar Prodigy Advance, GE Healthcare).
Statistical Analysis
Non-parametric tests were used for statistical analysis of quantitative variables (p < 0.05 for deviation from normal distribution; Shapiro-Wilk test). The Mann-Whitney U test was used for comparisons between 2 groups, and the Spearman's rank correlation coefficient was used to assess associations between variables within groups. The general linear model was used for multivariate analysis with logarithmically transformed FGF19 or FGF21 concentrations as dependent variables and age, sex and parameters significantly associated with FGF19 or FGF21 in univariate analyses as independent variables. Values of p < 0.05 were considered statistically significant.
Results
Baseline Characteristics
The study groups (C, CKD, HD and Tx) did not differ significantly in age and BMI with the exception of the CKD group, which was significantly older and showed a higher BMI compared to Tx patients. However, there were significant differences in GFR between groups ( Table 1) .
Concentrations of Biochemical Parameters
Glucose levels were significantly higher in HD patients compared to the controls and patients after kidney transplantation. Serum total cholesterol levels were significantly higher in HD patients compared to the control group and patients with CKD ( Table 1) .
Concentrations of FGF19 and FGF21
FGF19 concentrations differed significantly between all groups (except HD vs. C). The highest serum concentration of FGF19 was observed in CKD patients and the lowest in the Tx group. Significantly higher serum FGF21 concentrations were found in patients in the CKD group compared to the C, HD and Tx groups ( Table 1 ; Fig. 1, 2 ).
Body Composition
The study groups presented comparable body content; fat tissue and lean body mass did not differ significantly (Table 1) . 
Correlations between FGF19 and FGF21 and Clinical and Biochemical Parameters and Body Composition
In the C group, the FGF19 concentration exhibited a negative correlation with glucose, as well as total and LDL cholesterol levels ( Table 2 ). In the CKD group, we observed a negative correlation between the FGF19 concentration and GFR and no correlation between the FGF21 concentration and GFR ( Table 2 ; Fig. 3, 4 ). The number of (CKD 2) patients was too low for separate analysis, so FGF21 and FGF19 concentrations were compared between (CKD 2 + 3) patients (GFR ≥30) and (CKD 4) patients (GFR < 30). The FGF19 serum concentrations were significantly higher in stage 4 CKD patients compared to stage 2 and stage 3 CKD patients, combined (295.9 ± 118.5 pg/mL vs. 180.3 ± 97.5 pg/mL, respectively, p = 0.00020), consistently with a negative correlation between GFR and FGF19. There was no significant association between FGF21 serum concentrations and the stages of CKD.
In patients after kidney transplantation, there were negative correlations between FGF19 and GFR ( Fig. 5 ), as well as HDL levels, and a positive correlation between FGF19 and triacylglycerols ( Table 2) . Serum FGF19 concentrations in studied groups. * Serum FGF19 concentrations were higher in the CKD group (p = 0.001) and lower in the Tx group (p = 0.039) than in the control. # Serum FGF19 concentrations were lower in the HD (p = 0.034) and Tx (p < 0.00001) groups compared to the CKD group. ^ Serum FGF19 concentrations were lower in the Tx group (p = 0.000017) compared to the HD group. C, control group; CKD, patients with the CKD in stages 2-4 without haemodialysis; HD, haemodialysed patients with CKD; Tx, patients after a renal transplantation. FGF, fibroblast growth factors; GFR, glomerular filtration rate. Fig. 2 . Serum FGF21 concentrations in studied groups. * Serum FGF21 concentrations were higher in the CKD group (p = 0.046) than in the control. # Serum FGF21 concentrations were lower in the HD (p = 0.0068) and Tx (p = 0.019) groups compared to the CKD group. C, control group; CKD, patients with the chronic kidney disease in stages 2-4 without haemodialysis; HD, haemodialysed patients with CKD; Tx, patients after a renal transplantation; FGF, fibroblast growth factors. Negative correlations were found between serum FGF21 concentrations and GFR in patients after Tx (Fig. 6 ), while positive correlations were observed between FGF21 concentrations and lean body mass in the CKD group, BMI and total cholesterol in the HD patients and age in patients after Tx (Table 2 ).
In CKD group females compared to CKD group males, we observed significantly higher FGF19 concentrations (259.2 ± 120.5 pg/mL vs. 199.4 ± 114.4 pg/mL, respectively, p = 0.038), as well as significantly lower FGF21 serum concentrations (803.4 ± 1,095.6 pg/mL vs. 1,943.9 ± 1,511.5 pg/mL, respectively, p = 0.0022). In females after kidney transplantation, FGF19 serum concentrations were significantly lower compared to that observed in males after Tx (100.8 ± 74.3 pg/mL vs. 126.2 ± 61.7 pg/mL, respectively, p = 0.032).
Multivariate Analyses
In the CKD group, being female and having lower GFR were independent predictors of higher FGF19 concentrations. The association of FGF21 with lean mass lost significance when gender was included in the multivariate model -it appears that the positive univariate correlation was caused by a positive association of being male with both higher lean mass and a higher FGF21 concentration. In the HD group, higher total cholesterol was an independent predictor of higher FGF21, while a positive association with BMI was of borderline significance.
In the Tx group, a lower GFR was an independent predictor of both higher FGF19 and FGF21 concentrations, while the negative association of FGF19 with HDL cholesterol was of borderline significance.
Discussion
We examined FGF19 and FGF21 concentrations in patients with CKD who did not require haemodialysis, in HD patients with CKD and in patients with CKD after Tx. The highest FGF19 and FGF21 concentrations were observed in CKD patients without haemodialysis. Our results indicate that haemodialysis and transplantation cause the reduction of FGF19 and FGF21 concentrations in patients with CKD. Moreover, FGF19 and FGF21 concentrations were negatively correlated with GFR values.
FGF19 and FGF21 are relatively newly discovered proteins. Their significance in CKD is not yet known. Elevated FGF21 levels have been observed in both acute and chronic renal diseases [20, 21] . The increase in FGF21 concentrations, along with CKD progression, can be explained as the body's defensive response to adverse metabolic disorders associated with kidney disease, such as insulin resistance or metabolic stress [14] . A study with 700 subjects found that increased FGF21 concentrations, independent of other factors, were associated with abnormal glucose metabolism and insulin resistance and were positively correlated with triacylglycerols and BMI [22] . In our study, in the HD group, there was a positive correlation between FGF21 and BMI and total cholesterol. Similarly, in the Tx group, the correlation between FGF21 and GFR was negative. Kidney disease is accompanied by insulin resistance and increased cardiovascular risk, which has also been observed in the obese population with metabolic syndrome, in which higher concentrations of FGF21 have been shown as well [23] . Our knowledge about the role of FGF21 in the kidneys is not complete. In our study, FGF21 levels were significantly higher in the CKD group compared to the HD group. In a study by Lin et al. [24] , a linear increase in FGF21 concentrations, along with a decrease in GFR, was observed in CKD patients. The highest FGF21 concentrations were observed in patients with GFR below 30 mL/min. These changes in the metabolic profile, inflammation and loss of residual diuresis after the initiation of haemodialysis may induce the synthesis of FGF21.
As with FGF21, FGF19 concentrations in our study were highest in the CKD group. Both are involved in metabolic regulation and carbohydrate homeostasis. A study on HD patients found FGF19 concentrations to be 1.5 times higher compared to the control group [25] . The role of FGF19 in CKD patients is unknown. Animal studies conducted to date have focused on the metabolic activity of FGF19, and there are no data on FGF19 in renal failure. It is possible that, similarly to FGF21, the concentrations of FGF19 in kidney disease result from metabolic changes, inflammation and probably even nutrition.
The results of the present study have shown that haemodialysis and kidney transplantation reduce FGF19 and FGF21 concentrations. Previous studies suggest that factors present in ESRD, such as uremic toxins, metabolic acidosis, hyperphosphatemia, chronic inflammation and increased oxidative stress, insulin resistance and metabolic syndrome may contribute to the elevation of serum FGF19 and FGF21 levels in ESRD. Perhaps, in reducing the above factors, haemodialysis and kidney transplantation reduce FGF19 and FGF21 concentrations.
The pathophysiological significance of increased serum FGF19 and FGF21 concentrations in ESRD is not clear. In ESRD patients, it is not known whether the increased serum concentrations of FGF19 and FGF21 are caused by disease factors or whether the increased concentrations are protective against the abovementioned factors. Increased serum FGF21 levels were associated with a high mortality rate in patients with ESRD [26] . In contrast, some clinical studies suggest that elevated serum FGF19 and FGF21 concentrations in ESRD are protective against glucotoxicity and lipotoxicity, oxidative stress and inflammation. In physiological conditions, the liver is the main source of FGF21; however, in ESRD, adipose tissue, skeletal muscle and kidney may be a source of FGF21. The disease factors in ESRD may increase FGF21 serum levels because ESRD is characterised by systemic and cellular metabolic stress, insulin resistance, metabolic syndrome and dyslipidaemia. Increased FGF21 secretion may augment glucose uptake by adipose tissue and muscles and re-establish metabolic balance. The increased FGF21 serum levels in ESRD can be explained not only by its decreased renal clearance but also by enhanced FGF21 secretion by skeletal muscle and adipose tissue.
There was a positive correlation between FGF21 and FGF23 and biochemical parameters, such as cholesterol, triacylglycerols, LDL cholesterol, fasting blood sugar, creatinine, HbA1c and urinary albumin excretion [27] . Lee et al. [28] showed that elevated serum FGF21 levels may be a useful biomarker for predicting kidney disease progression, especially in the early stages of diabetic nephropathy. The study by Li et al. [19] suggests that in haemodialysis patients with ESRD, the postprandial FGF19 response appears to be blunted, with partial normalisation following antioxidative treatments. A blunted FGF19 response was associated with impaired insulin and C-peptide signalling. Moreover, serum FGF-21 concentrations are associated with residual renal function and insulin resistance in ESRD patients receiving long-term peritoneal dialysis. Han et al. [29] and González et al. [30] have shown that FGF21 might be an important endocrine agent in peritoneal dialysis patients and could act as hormonal signalling to maintain glucose homeostasis and prevent potential insulin resistance. FGF21 might play a protective role against the development of insulin resistance over time in patients undergoing a continuous glucose load.
Rusu et al. [31] examined the correlation between FGF21 and tumour necrosis factor (TNF)-like weak inducer of apoptosis, as well as the correlation between FGF21 and endothelial dysfunction in HD patients. Increased FGF21 levels in HD patients correlated with atherosclerosis risk factors, hypercholesterolemia, hypertriglyceridemia, HA, increased levels of TNF-like weak inducer of apoptosis, as well as endothelial dysfunction [31] . There was also a positive correlation between FGF21 and the high-sensitivity C-reactive protein, as well as a negative correlation with renal function [32] . Maternal FGF21 serum concentrations are significantly increased in preeclampsia during pregnancy. Furthermore, triacylglycerols, GFR and LDL cholesterol are independent predictors of circulating FGF21 in pregnant women [33] .
In our study, FGF21 and FGF19 did not correlate with the amount of adipose tissue. FGF21 only correlated with lean body mass in the CKD group. Previous studies have reported that FGF21 concentrations in obese patients were significantly higher than in the control group with a normal BMI [34] . Currently, FGF21 is recognised for having 2 important target sites, the central nervous system and adipose tissue. In addition, FGF21 exerts short-and long-term effects. A single administration of FGF21 leads to a rapid decline in glycaemia and improvement of insulin resistance, whereas cyclic long-term FGF21 administration causes a decrease in body weight [35] . There are no data on the correlation of FGF21 with adipose tissue in patients with kidney disease. FGF19 has been studied in obese patients undergoing body weight reduction procedures, in whom FGF19 concentrations were lower compared to the control group. In the same patients, FGF21 concentrations were elevated in comparison to the control group. The conclusion was that FGF19 is associated more with adipose tissue, while FGF21 is associated more with carbohydrate homeostasis [36] . The apparent lack of
